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Hydrogeological study on the sustainable use of the water resources in
the Plitvice Lakes National Park, Croatia

Hydrogeologische Studie tiber die nachhaltige Nutzung der Wasser im Nationalpark Plitvicer Seen, Kroatien
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Zusammenfassung

Die Plitvicer Seen gehdren zu den bekanntesten und schonsten Naturphdnomenen in Kroatien. Dank
ihrer einmaligen Entstehung und landschaftlichen Schénheit wurden die Plitvicer Seen 1949 zum
Nationalpark erklart und 1979 ins Weltnaturerbe déNESCO aufgenommen. Die Karstquellen und

die zahlreich auf unterschiedlichen Hohenstufen liegenden, durch Tuffbarrieren getrennten und
durch Wasserfalle miteinander verbundenen, in Kaskaden angelegten Seen sind Hauptattraktion fir
etwa eine Million Tourten pro Jahr. In diesem Zusammenhang sind die 6kologischen Folgen des
intensiven Tourismus kritisch zu betrachten. Daher soll die Kompatibilitdt des intensiven Tourismus
mit dem Schutzbedarf des 0Okologisch sensiblen Nationalparks und dessen Auswirkudig auf
Wasserqualitdt der Wasserressourcen im verkarstetem Einzugsgebiet und den Seen sowie im
Unterstrombereich genauer untersucht werden.

Dahingehend wurde zwischen 2005 und 2008 eine detaillierte hydrogeologische Studie im Rahmen
des Kompetenznetzwerk@s2 | & & SNNB 4 &2 dzZNOSyY dzy R RSNBY . SgANILaOFr
den Kooperationspartnern Nationalpark Plitvicer Seen, Universitat Zagreb und RESQURGHES

fur Wasser, Energie und Nachhaltigkeit (vormals Institut fiir WasserRessourcenManagesrent) d
JOANNEUM RESEARCH durchgefiihrt. Die Hauptkarstquellen im Einzugsgebiet der Seen und die
Oberflachenzuflisse unébflisse der Plitvicer Seen sowie die Seen selbst wurden ab August 2005

bis Januar 2006 monatlich und bis Ende 2007 zweimonatlich beobacBabei wurden
Gelandeparameter (Wassertemperatur, elektrische Leitfahigkeit;Watt, geldoster Sauerstoff,
Redoxpotential) vor Ort gemessen und gleichzeitig Wasserproben zur Bestimmung der Konzentration
der Hauptionen und der stabilen Isotope Deuteriundi®auerstofl8 im Labor gezogen.

5AS5S4S | yiSNREJdzOKdzy3SYy 6 dzZNRSy | dzOK Ay RSy G-ASTads,
See und Kozjagee) an Tiefenprofilen vorgenommen. Zur Klarung der Wechselbeziehung zwischen
den in Kaskaden angelegten Seen uwheh umliegenden verkarsteten Karbonaten wurden im
Unterstrombereich der Seen zusatzliche hydrogeologische Geldndearbeiten, geophysikalische
Messungen und zwei Tracerversuche (mit dem Farbstoff Uranin) durchgefuhrt sowie zwei
Explorationsbohrungen abgetduf

Die im Rahmen der gegenstandlichen Studie gewonnenen hydrogeologischen, hydrochemischen und
isotopenhydrologischen Daten wurden samt der seit den 90er Jahren kontinuierlich registrierten
hydrologischen Abflussmessdaten ausgewertet. Durch die komlenikerterpretation der Daten

konnten die Entwasserungsmechanismen, die Seendynamik und die Wechselwirkung zwischen den in
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Kaskaden angelegten Seen mit dem dynamischen Karstsystem néher charakterisiert und genauer
dargestellt werden.

Mit Hilfe des Hoheneffektdes Sauerstoff8-Isotops €0.19: k m mjiim Niederschlag in mittleren
Lagen und Kistengebieten von Kroatien wurde die mittlere Seehthe der Einzugsgebiete der grol3en
Karstquellen und daraus entstehenden Abfliisse ermittetlche beietwa 1000m Hoéheliegt. Die
hydrochemische Beschaffenheit der Karstquellen, Oberflachenabflisse und Seen ist durch die
Karbonatldsung im Einzugsgebiet und die Entgasung vom Bo@emach dem Austritt der
Karstquellen, begleitet von der Ausfallung von Kalzit als Kalktuff eim Hlussbetten und
kaskadenartigen Seen, charakterisiert. Die hydrochemische Zusammensetzung der Wasser ist von
den lonen C4, M¢®" und HC@ dominiert. Die Qualitat der Wasser ist generell als sehr gut zu
bewerten und aus den hydrochemischen Analysen konnte, zumindest fir die Beobachtungsperiode,
kein wesentlicher anthropogener Einfluss auf die Wasserqualitat der Wasser im Nationalpark
Plitvicer Seen nachgewiesen werden.

Die Wasserbilanz der kaskadenartigen Plitvicer Seen ist vorwiegend durch Oberflachenzufluss und
Oberflachenabfluss bestimmt. Mit der mittleren Durchflussmenge von etwa 2,86 mnd
Verweildauern von etwa drei Monaten erfolger Wasseraustausch im gesamten kaskadenartigen
Seesystem sehr schnell. Die Seendynamik ist einer starken jahreszeitlichen Verdnderung
unterworfen. Aus den Temperaturprofiund gelésten Sauerstoffgehaltsmessungen konnte eine
stabile Sommerschichtung inStiF SNB Yy . S NB A O énd Rogja@Sees feBtgestdiltyvérdes.

Im Seebereich ist der unterirdische Austausch zwischen den Plitvicer Seen und umliegenden
verkarsteten mesozoischen Karbonaten nicht gegeben oder vernachlassigbar gering. Erst im
Unterstrambereich der Plitvicer Seen erfolgt im Flussbett der Korana eine betréachtliche Infiltration
vom Seewasserabfluss in die umliegenden, sehr stark verkarsteten Karbonate. Mit Hilfe von zwei
Tracerversuchen wurde nachgewiesen, dass die subterrane Entwasselemgkretazischen
Karbonate im Unterstrombereich der Plitvicer Seen vorwiegend in Richtung SE erfolgt. Das im
Flussbett der Korana und in vom Flusslauf entfernten Karsterscheinungen versickerte Wasser tritt in
der groRen Karstquelle Klokot in der Nahe dérISRiG . AKI 8 Ay . 23ayASy
Einzugsgebiet der Una (Fluss) aus.

Keywords: Plitvice Lakes National Park, hydrochemistry, environmental isotopes, lake dynamics,
sustainable use

SchlisselwdrterNationalpark Plitvicer Seen, Hydrochemiélmweltisotope, Seendynamik, nachhaltige
Nutzung

Introduction

The Plitvice Lakes National Park, hereafter named PLNP, is located in theasigin Dinaric karst

region of the central part of Croatia, close to the border with Bosnia and Herzegovira.th¥it
peculiar karst landforms, series of lakes arranged in a cascade with remarkable waterfalls, huge
freshwater reserves and rich biosphere, the PLNP has been proclaimed as national park in 1949 and
placed on the UNESCO list of the world heritage ofneaitu 1979. With its unique natural ambiance

the PLNP is an important attraction and a favourite destination for an-iexeeasing number of
tourists. Nowadays up to one million tourists visit the area each year. The increase of the number of
visitors iswelcome in terms of income generation for the region. However, tt@agical implication

of the orgoing intensive tourism needs to be critically viewed and its compatibility with the park's
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protection requirements examined, and the impacts on the watesorgces in wider karst
environment downstream of the cascade lakes assessed.

In the past decades several hydrogeological and limnological studies have been carried out in the
PLNP area, focusing on investigating the hydrogeological setting, water qaalig/water resources

FYR tAYy2t238 2F GKS 118 4284GSY0 Phja-enaf RO (SR A

M@TCcUO I y\RI[ btddl2 T4 thedarea is underlain by dolomites and limestones of Mesozoic
age. Karstification of thesealcareous rocks determines the surface and underground drainage,
thereby the tectonic lineaments traversing the region play an important hydrological Paferik
(1958) investigated systematically the hydrology of the arealderiAK1962) analysed the tectonic
setting of the PLNP area. The results of these studies provided an overview hydrogeological
framework of the area. Employing a dye tracing experimdmt| ~ !((¥74) characterised the
groundwater flow condition and figured ouhe subsurface drainage pattern in the karstified
dolomites and limestones of the Plitvice Lakes catchment area. Further hydrological and
hydrochemical studies b9 { Y h etLad. (1981, 1984) allowed determining the groundwater flow
paths in the catchmenarea, establishing the connection to the lakes and delineating the hydrologic
boundaries of the PLNP. In particular, the potential catchment area of the springs Crna and Plitvica
was determined. As part of his doctoral dissertation,BBh b 5 (1882) distiguished the
hydrogeological catchments of the wid@buntainous Likaregion in central Croatia, which also partly
included the adjoining area of the Plitvice Lakes. By examining the surface drainages and discharges
of the major streams flowing into the ka systemR. 7 ! b h& Bnho, L 2 {1996) revealed that the
setting of the underlying carbonate rocks plays a critical role in the overall hydrogeological setting
and the tufa buildup process in the area.

Limnological studies of the Plitvice Lakes go hadke 1940s. The tufa barrier forming process in

the Plitvice Lakes was first examined ByvALEK1935) and he attributed it to incrustation of

o NE 21 2| yBiyOmaAdyatmieuron To characterise the calcite deposition processes in the
cascade lakeystem,Sv 5 het al. (1985) determined the ages and growth rates of tufa in the recent
time and geological past. Recently, based on ages of tufa sediments from the majorQalep,L 0
etal. (2005) andHh w+ ! ¢ LeialL (@006) revealed a continuous tufailing process in the last
7,000 years in the streams and the lakes. Giving a special emphasis on the bacteriological state of the
most nutrientloaded part of the PLNF L [ L b(h979)candSt L [ L b8 F: ¢ 0(2985) examined the
ecological state of Plilwe Lakes. Based on the assessment of physicochemical and biochemical
parameters of Plitvice Lakes monitored in 20B&yLu<et al. (2007) classified the water quality of the
lakes to be mostly very good; only few water samples from some parts of the ethiltted
noticeable anthropogenic influences during summer.

In an effort to understand and solve environmental problems caused by the ongoing intensive
tourism in the PLNP, it is crucial to identify the specific activities in the protected area that may have
negative effect on the sensitive karst and lake ecosystdmflux of visitors and the facilities serving
them are mainly concentrated in the area adjoining the cascade lake system. Water for drinking and
domestic uses is directly abstracted from Lake Kozjak and distributed without any treatment to the
hotels, estaurants and other facilities that provide accommodation and catering for visitors and to
the adjacent settlements. Wastewater from the PLNP premises is collected with a sewer system and
disposed without any treatment directly into a sinkhole downstreaitthe lakes within the national

park area.

To adequately assess the environmental impacts of these acsivitie the ecologically sensitive
PLNP, in particular on the quality of the water resources, it is vital to understand in detail the
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hydrologic flowcondition in the karstified area, the dynamic behaviour of water in the cascade lake
basins and the exchange of the Plitvice Lakes with the adjacent karstified area. To this end,
comprehensive hydrogeological investigation was carried out between 2002@0®1 Basic data of

the study has been presented in B. h b 5at @l. (2008), and additional interpretation of the
conceptual hydrogeological model of the Plitvice Lakes was providedBintBo %t a@l. (2010). Data

from the mentioned study was also peily used and interpreted by one of the authokdy ! ~ for

his PhD thesis completed at the University of Zagreb in 2011. The present work is again an outgrowth
of the aforementioned hydrogeological investigation and refers to the extensive projectdat It

is specifically aimed at determining the infiltration zones of major karst springs and ensuing streams
in the PLNP, examining the exchange of the karst springs, streams and lakes, characterising the
dynamic behaviour of the lakes and evaluating thwerall hydrologic position of the Plitvice Lakes
system and its catchment in the karstified Mesozoic dolomites and limestones. This is achieved by
interpreting in a combined way the hydrogeological, hydrological, dye experiment, hydrochemical
and stabldsotope (*H andd'®0) data collected during the investigation.

Description of the study area
Location

The study area is located in the Dinaric karst region of Central Croatia, extending between the
3S23ANI LIKAO O22NRAYIGS& nncnnQoné I yRI1)nlncovers Qny ¢ |
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Mount Mala Kapela (northwest corner of Fig.further to the south. This region represents the
headwater of the Korana river that flows into the Danube. The Plitvice Lakes consist of a chain of 16

lake basins intercoratted by a cascade of tufa barriers, arranged in almost a soartth direction

over a distance of about 8KIn between the altitudes of approx. 640a.s.l. and 490n a.s.l.

0 lbout150m). Figure 2 illustrates the schematic longitudinal section of #seade lakes.

Locally, the lake basins are divided into two groups:

(1) GKS !'LIISNI [1Sax AyOfdzRAy3I (GKS t1F1Sa tNROSI Y
between them (Ciginovac, Okrugljak, Batinovac, Veliko, Malo, Vir, Galovac, Milinovo, Kradins

Buk), and

(2) the Lower Lakes, consisting of four small lakes (Milanovac, GavanovaSersasic and

b2@l 128A06F oNRRO f20FG§SR R2gyaidNBIY 2F [I1S Y21l 2
The total surface area of the Plitvice Lakes is apprém’® ¢ KS 184 t N2 dhal yalz2 |
surface area of 0.68m? and 0.82km?, respectively, form the largest lake basins. Both lakes comprise

about 75% of the total lake surface area. As indicated inEigheir max. depth is 3ih and 48.5m,

respectively.
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Figure 1 The study area Plitvice Lakes National Park (PLNP) with locations of exploration borefblasdfRIB) and

observation points (runoff and meteorological gauges, and water sampling points for hydrochemical analysis and
environmentalisotope determinabn). Base map source: Topografska karta Mvln n dnnn X

Designations/abbreviations of sampling points are given inlab.
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bFigure 2: Schematic longitudinal section of the cascade system of Plitvice Lakes (adapRedrai&p58).

Climate

Situated in the central part of Croatia, the study area exhibits a typical mountainous continental
climate with Mediterranean influence. It is characterised by a comparatively high amount of
precipitation (P) with autumn maxima and summer minima, and leerage annual temperature

with distinct seasonality (winter minimum and summer maximum). Meteorological data recorded at
Plitvice station for the period 1992005 revealed an annual precipitation range between 1,148 and
2,113mm (annual mean of 1,592m) and annual air temperatures between 8.9 and 180G} (annual
mean 9.4°C).

Using the meteorological data from the same station as input parameters, evapotranspiration
parameters have also been determined from thRCGquation TURG 1954, 1955) and thelALDE
equation HAUDE 1955). The mean annual actual evapotranspiration (ET) calculated fromURE
equation was approximated at 538m and the resulting climatic water balance ¢(ET) about
998mm. The annual potential evapotranspiration gETestimated from the HAUDEequation
employing monthly factors obtained bLINGERet al. (1990), considering the different lande
covers in the study area, ranged between 480 andb#2 and the resulting climatic water balance

(P¢ ET) showed a variation rangedm 946 to 1,008nm.

The steep limestone terrain bounding the Plitvice Lakes is covered by dense forests of mainly
deciduous and coniferous trees, where pure stands of beech dominate at lower altitudes and mixed
stands of beech and fir trees at higher leszel

Geological and tectonic outline

In Fig3 the schematic geologic map of PLNP and its vicinity is presented, modified after the
3S2t23A0Ff YI W[ a8BSHBEDPI AMpS T b IVedeted.,(1978)yTRe atedli® 6 1 O 6
mainly underlairby dolomites and limestones of Triassic to Cretaceous age. Also, recent calcareous

tufa deposits occur locally in the cascade lake basins and the streambeds of the major streams
feeding the lakes and the river Korana. Tufa deposition commenced in thee@agt period
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(Pleistocene and Holocene) and is still in progress. In the Plitvice Lakes, deposition of the recent
calcareous sediments resulted in the formation of tufa barriers that separate the numerous cascade

lakes basins. The origin of the tufa dep®sis attributed to a dynamic karst geomorphologic
LIKSYy2YSy2ys Ay@2t @Ay3a RAaazftdziazy 2F GKS OFf OF N
subsequent deposition processes.

Figure 3: Schematic geologic map of Plitvice Lakes National Park (PLNP) and its vicinity, modified after the geological map
AKSSGa PMASBHIO [d!ddE mdec TS Vmdetat.,W978)y R hi261F O 6L ®

As indicated in the basic geological map of the Repuh O 2 F / NR I (0 Ph[ ~&tMak S . A K|
MpcTIE MPpTc0X (GKS atfAGOAG6TLF 2STSNIF (SOG2yA0 dzyaA
Plitvice Lakes and the vicinity. It appears that the intensive tectonic deformation resulted in the
upward penetration or shift of older carbonate rocks into geologically much younger units.
Ultimately, this placed different carbonate lithostratigraphic units with variable lithological
composition (Upper Triassic dolomites, exchanges of Upper Cretaceastdims and dolomites,

and even the youngest part of the Upper Cretaceous (mostly limestones)) in direct contact. The
carbonate rock assemblage penetrating the younger units exhibits an anticlinal form, with the flanks
comprising carbonate rocks of Liagdddogger ages. This tectonic unit also played a significant role in

the formation of the Plitvice Lakes and emergence of the large karst springs in the area.

Hydrogeological characterisation

Hydrogeological characteristics of the Mesozoic calcareous rocks in the PLNP vary consitiezably.
limestones of the Middle Jurassic and Lower Cretaceous are highly karstified and permeable but, in
contrast, the Triassic dolomites exhibit a low degreekafstification and low permeability. The



